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Edited by Miguel De la RosaAbstract The structure of a synthetic peptide corresponding to
the ﬁfth membrane-spanning segment (M5) in Na+,K+-ATPase
in sodium dodecyl sulfate (SDS) micelles was determined using
liquid-state nuclear magnetic resonance (NMR) spectroscopy.
The spectra reveal that this peptide is substantially less a-helical
than the corresponding M5 peptide of Ca2+-ATPase. A well-de-
ﬁned a-helix is shown in the C-terminal half of the peptide. Apart
from a short helical stretch at the N-terminus, the N-terminal
half contains a non-helical region with two proline residues and
sequence similarity to a non-structured transmembrane element
of the Ca2+-ATPase. Furthermore, this region spans the residues
implicated in Na+ and K+ transport, where they are likely to of-
fer the ﬂexibility needed to coordinate Na+ as well as K+ during
active transport.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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P-type ATPases are fundamental for the maintenance of
electrochemical gradients of cations across the plasma mem-
brane of most animal cells. For example, the Na+,K+-ATPase
couples the hydrolysis of ATP with active pumping of 3 Na+
out of the cell and 2 K+ in the opposite direction, hereby cre-
ating a sodium gradient which is necessary in, e.g., cell homeo-
stasis, for the uptake of nutrients, and for the establishment of
a membrane potential. These aspects have rendered the so-
called sodium pump a major object of research since its discov-
ery by Skou in the ﬁfties [1]. A large body of biophysical
studies has been performed (recent reviews [2–4]), but still
the detailed mechanism of the cation transport and its physio-
logical regulation is largely unknown. One of the reasons is
that apart from X-ray [5] and NMR [6] structures of the extra-
cellular nucleotide binding (N) domain and lower resolution*Corresponding author. Fax: +45 86 196199.
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doi:10.1016/j.febslet.2006.07.063cryo-EM structures of the full protein [7,8], no high-resolution
structure is available for the Na+,K+-ATPase. In lack of this,
recent studies have based their discussions on homology mod-
elling [9–12] using X-ray structures of the related sarco/endo-
plasmic reticulum Ca2+-ATPase (SERCA) [13–16]. These
studies may then be held up against what is known from bio-
physical and mutation studies of the Na+,K+-ATPase to eval-
uate reliability.
Relatively strong evidence exists that the overall architecture
of the pumping machinery, involving the A, N, and P extra-
membranal domains, is very similar for all P-type ATPases,
and the sequence conservation is very high in these domains.
This implies that the observations for SERCA along with
mutational and biophysical data most likely provide a reliable
model for the function of these domains. In contrast, this clear
picture does not apply to the cation binding sites in the trans-
membrane part of the protein. It is evident that the ﬂexibility
of the helices and steric eﬀects play a major role for the cation
selectivity and transport which probably is very speciﬁc for
each P-type ATPase [4]. For example, the sizes, coordination
properties, and numbers of cations involved in the pumping
of the Na+,K+-, H+,K+-, and Ca2+-ATPases are quite diﬀerent,
calling for diﬀerent numbers of occlusion sites, diﬀerent ion
speciﬁcity, and most likely also substantially diﬀerent ﬂexibil-
ity of helices forming the frame of the occlusion sites. This im-
plies that not only may the structural details be diﬃcult to map
from homology studies, but it should also be considered that
the underlying X-ray structures provide static snapshots of
the structure of selected states in the pumping cycle of SER-
CA. With these aspects in mind, and the knowledge that the
helices M4, M5, M6, M8, and M9 contains sites involved in
cation occlusion, we recently conducted an NMR analysis of
the membrane spanning region of the M5 helix of SERCA
(Fig. 1) in SDS micelles [17]. This study revealed a ﬂexible re-
gion (Ile765-Asn768) interrupting the helix structure near the
putative Ca2+ binding sites, which agrees well with biophysical
data but was not seen by X-ray crystallography [13,14].
Homology studies of Na+,K+-ATPase relative to SERCA
indicate that M5 is closely involved in both Na+ and K+ coor-
dination [10,11]. On the other hand the sequence homology be-
tween M5 in the two ATPases is quite low (25% identity, 50%
similarity; Fig. 2), much lower than e.g. between M5 from the
Na+,K+- and gastric H+,K+-ATPases (68% identity, 86% sim-
ilarity). This indicates that one might need to be cautious when
using M5 in the SERCA structure as a model for M5 in the
Na+,K+-ATPase. It is believed that for Na+,K+-ATPase theblished by Elsevier B.V. All rights reserved.
Fig. 1. The position of M5 illustrated by a ribbon representation of the
X-ray structure of Ca2+-free SERCA (PDB Accession Code 1IWO)
[13] with the 28-residue M5 peptide emphasized in blue. Molecular
graphics were prepared using PyMOL [58].
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and Phe793 (Fig. 2) are involved in the monovalent cation
binding, which suggests that the role of M5 here is much more
involved than for the Ca2+-ATPase where only two residues
(Asn768 and Glu771) have been shown to play a role. The
involvement of these sites and the crucial role of M5 in the cat-
ion pumping is supported by numerous studies of the Na+,K+-
ATPase [18–21] and other ATPases [17,22–24]. To explore theFig. 2. Comparison of the primary sequences of the membrane spanning part
the two latter sequences, the shaded ﬁelds indicate residues identical with t
Putative cation binding sites are marked with dark boxes above the residue w
experimental studies [18–20] (a: Na+(III), b: K+(I), c: K+(II) and Na+(I), e: C
potential K+ binding sites (d). The ﬁrst and last residue positions of the M5homology of the M5 helices in Ca2+- and Na+,K+-ATPases
and the ﬂexibility of these segments of importance for speciﬁc
occlusion of diﬀerently sized/charged cations, this paper pre-
sents a liquid-state NMR study of the membrane spanning
part of M5 of Na+,K+-ATPase recorded in SDS micelles under
the same conditions as recently used for the same helix in
Ca2+-ATPase [17].2. Materials and methods
2.1. Sample preparation
The 28-residue M5 peptide of Na+,K+-ATPase (Acetyl - KKSIA
YTLTS NIPEI TPFLI FIIAN IPL – Amide, corresponding to
Lys773–Leu800 of the ﬁfth membrane span of Na+,K+-ATPase using
the homo sapiens sequence; underscored residues were 15N labelled)
was purchased from SynPep Corporation (Dublin, CA). The peptide
was synthesized using Fmoc chemistry, with the N-terminal acetylated
and the C-terminus blocked by an amino group. The sequence was ver-
iﬁed by mass spectrometry and the purity determined to be >98.2% by
HPLC. The peptide was reconstituted into fully deuterated sodium
dodecyl sulfate (SDS) micelles by adding M5 peptide to a solution con-
taining 400 mM SDS-d25 (Cambridge Isotope Laboratories, Andover,
MA), 100 mM NaCl, 20 mM sodium phosphate (pH 7.0), 1 mM
NaN3, and 10% D2O (90% H2O). The ﬁnal peptide concentration
was 2.5 mM. A second sample was prepared with 500 mM SDS-d25
and 5 mM peptide.
2.2. NMR spectroscopy
NMR spectra on Na+,K+-ATPase M5 were recorded on a Bruker
Avance 400 MHz and a Varian Inova 800 MHz NMR spectrometer
operating at 1H frequencies of 400.13 and 799.81 MHz, respectively.
Phase-sensitive (States-TPPI [25]) 1H double-quantum ﬁltered COSY
(DQF-COSY) [26,27] on the 5 mM sample at 400 MHz, and TOCSY
[28,29] (80 ms DIPSI-2 mixing [30]), NOESY [31,32] (200 ms mixing),
and 15N–1H HSQC-NOESY [33] experiments on the 2.5 mM sample at
800 MHz were recorded at 313 K. The water signal was suppressed
using weak presaturation (2 s). All spectra were recorded with a spec-
tral width of 6361 and 11000 Hz (400 and 800 MHz, respectively) in
the 1H, and 791 Hz (800 MHz) in the 15N dimensions. Data matrices
were zero-ﬁlled to double size in both dimensions. The DQF-COSY
spectra were apodized using a sine-square window function shifted
by p/4, while a cosine window function was applied in both dimensions
of the other spectra. All spectra were processed using NMRPipe [34]
and analysed using SPARKY [35].
2.3. Structure calculations
The secondary structure of the peptide was analysed qualitatively
using and 1Ha chemical shift indexes (CSI) [36,37]. The structure calcu-
lation was performed with ARIA 1.2 [38] in combination with Crystal-
lography & NMR System (CNS) [39]. Using torsion angle dynamics
and distance restraints derived from the 200 ms NOESY spectrum a
ﬁnal set of 100 structures were generated. The ten structures with
lowest energy were analysed further.d
of the M5 peptides in Na+,K+-, Ca2+-, and gastric H+,K+-ATPase. For
hose in the Na+,K+-ATPase. Prolines are highlighted by solid-boxes.
ith the black ﬁelds being predicted by homology modelling [10,11] and
a2+ binding), while mutation studies [48] includes the shaded ﬁelds as
segments are given in the ﬁrst and last columns.
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A low helical propensity of the M5 peptide of Na+,K+-ATP-
ase is apparent from the amino acid sequence. Analysis using
PredictProtein [40,41] suggests that the M5 peptide has only
50% a-helix and 21.5% b-sheet structure (Fig. 3e). Two a-heli-
cal regions are predicted, for Thr779-Thr782 and Pro785-
Ile794, respectively. For comparison, the Ca2+-ATPase M5
peptide was predicted to have 75% a-helix and no b-sheet
structure. For the Ca2+-ATPase this is in reasonable agreement
with CSI values, and with the calculated NMR structure [17].
Using the 15N-labeled residues in the HSQC-NOESY spec-
trum as a starting point, an almost complete assignment of
the 1H resonances for the Na+,K+-ATPase M5 peptide was
achieved. All the backbone protons and about 90% of the
side-chain protons were assigned. The Ha CSI [36,37] values
(Fig. 3c) reveal a short a-helix between Phe790 and Ala796,
but otherwise there are no clear indications of secondary struc-
ture.
Examination of the NOESY spectra for the Na+,K+-ATPase
M5 peptide reveals that there is a limited number of medium
range NOEs which can conﬁrm the presence of a-helical struc-
ture components (Fig. 3a). The fact that only a limited number
of medium range NOEs can be identiﬁed may be ascribed to
signal overlap due to low chemical shift dispersion in this re-KK S AI Y T L T S N I P E I T P F L I F I I A N I P L
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Fig. 3. Structural parameters for the Na+,K+-ATPase M5 peptide in
SDS micelles. (a) Sequential and medium range NOEs with thicker
lines indicating higher intensity. (b) The helical regions of the
calculated structures as indicated by DSSP [43]. The N-terminal helix
is only present in half of the calculated structures. (c) Ha chemical shift
index (CSI). The low shifts of residues Phe790 to Ile795 are indicative
of a-helical structure in this region. (d) RMSDs of ﬁve consecutive
residues as a function of the middle residue. The solid and dashed lines
represent all heavy atoms, and N, C 0 and Ca atoms, respectively. (e)
Helix (H) and extended (E) structure propensities obtained using the
PredictProtein software [40,41]. (f) Hydrophobicity plot using a
window of 8 residues [59].
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Fig. 4. Selected regions of NMR spectra for the Na+,K+-ATPase M5
peptide. (a) NOESY Ha–Hb-region showing ﬁve of the ab(i, i + 3)
cross-peaks characteristic for an a-helix. (b) TOCSY ﬁngerprint
region. All major Ha–HN cross-peaks has been identiﬁed, but there
are still unidentiﬁed minor peaks in this region. (c) Multiple NOESY
Asn797Hd21–Hd22 cross-peaks.gion. The presence of ten of the characteristic aN(i,i + 3) and
ab(i,i + 3) cross-peaks indicate that there is an a-helical region
extending over the residues Pro789-Ala796, in agreement with
CSI data. There is also tendency to a short helix in the N-ter-
minus of the peptide. An excerpt from the spectral region
where the ab cross-peaks appear can be seen in Fig. 4a.
A total of 473 distance restraints (232 intra-residual, 145
sequential, 88 medium range and 8 long range) were used to
generate 100 structures. The ten lowest-energy structures
(Fig. 5) violated on average 75 of the distance restraints with
an RMS of the violations of around 0.05 A˚, and an average
of 3 violations greater than 0.3 A˚. Analysis of the structures
by PROCHECK-NMR [42] showed that the backbone torsion
angles for 45.2%, 46.1%, 8.7%, and 0.0% of the residues are in
‘most favoured’, ‘additional allowed’, ‘generously allowed’,
Fig. 5. Superposition of the 10 lowest-energy structures calculated for
the Na+,K+-ATPase M5 peptide in SDS micelles. (a) Backbone atoms
of the N-terminal residues Lys773 to Glu786, aligned using the
backbone atoms of residues Lys773 to Leu780, showing a short helical
structure. (b) All backbone atoms aligned using the backbone atoms of
residues Pro789 to Ala796.
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posed of two ordered regions connected by a more disordered
region between Asn783 and Thr788. While the C-terminal re-
gion is helical, the N-terminal region does not convey to any
regular type of secondary structure, except for what according
to DSSP [43] is a short 310 helix in the N-terminus of the pep-
tide (Fig. 3b). The overall RMSD was 5.2 and 6.0 A˚ for back-
bone atoms and all the heavy atoms, respectively. The
corresponding numbers for the N- and C-terminal regions
(Lys773-Ser782 and Pro789-Ile798) were 1.0 and 2.2 A˚ and
0.3 and 0.7 A˚, respectively. From the calculated structures, it
thus appears that the N-terminal part of the M5 peptide is less
ordered than the C terminal, in agreement with the presence of
helical structure in this region. This is also illustrated by the
backbone RMSDs of any consecutive 5 residues (Fig. 3d).
While most of the amide protons in the peptide had a line
width of 28 ± 3 Hz, the N-terminal residues Lys773-Ser775
had signiﬁcantly smaller line widths (15–20 Hz) indicative ofa shorter correlation time. This suggests that the N-terminus
is sticking out of the micelle; an observation which is compat-
ible with the hydropathy plot in Fig. 3f, showing a quite
noticeable decrease in hydrophobicity going from the C to
the N terminal of the M5 peptide.
A number of extra resonances of lower intensity revealed the
existence of signiﬁcantly populated minor conformations, e.g.
in the ﬁngerprint region of the TOCSY spectrum (Fig. 4b)
where a lot of weak HN–Ha cross-peaks were present. Another,
more striking, evidence of multiple conformers was extra
Asn797Hd21–Hd22 cross-peak in the NOESY and the TOCSY
spectra from two less populated conformations (Fig. 4c). The
volumes of the minor cross-peaks indicate a total population
of about 10% for these states.4. Discussion
The lack of a-helicity for a large part of the Na+,K+-ATPase
M5 peptide structure in the membrane-mimicking SDS micelle
environment is interesting for several reasons. Despite the fact
that the peptide is not in its native environment, and thereby
lacks interactions with the surrounding transmembrane helices,
there is substantial evidence that structures determined for heli-
cal fragments of proteins like bacteriorhodopsin, rhodopsin,
F1F0-ATPase, and also the M6 segment of the Ca
2+ ATPase
display good resemblance with integral protein structures (see
[17] for references). A recent NMR study of Ca2+ ATPase
M6 segment in detergents [44] revealed that this segment was
not fully helical, as later conﬁrmed in the X-ray structure of
the Ca2+ ATPase [13]. Furthermore, the results for the
Na+,K+-ATPase M5 peptide are compared to the homologous
Ca2+-ATPase M5 peptide which under identical conditions is
largely a-helical. The relatively low content of helical structure
in the N-terminal part of the Na+,K+-ATPase M5 peptide is in
striking contrast to expectations from homology modelling [9–
12], which consistently refer to M5 as a regular a-helix with cat-
ions interacting with backbone or side chain donor atoms.
Obviously, these deviations should be seen in the light of the
low homology between the Na+,K+- and Ca2+-ATPase M5
peptides (Fig. 2), and that the Na+,K+-ATPase must accommo-
date monovalent rather than divalent cations. It is important to
note that the lack of regular secondary structure for the iso-
lated peptide in SDS micelles does not necessarily imply that
there is no secondary structure in the context of the surround-
ing helixes in the native protein. However, the appearance of
what seems to be a more ﬂexible or non-helical structure in
the N-terminal half of the Na+,K+-ATPase M5 peptide in con-
trast to the Ca2+-ATPase M5, suggests a more versatile struc-
ture that may prove important for a segment that is expected
to be involved in binding to two to three Na+ and two K+ com-
pared to two Ca2+ ions only. In this context it is also interesting
to note that the ﬂexible region of M5 has a very similar location
in the membrane as the ﬂexible region found in the M6 helix of
Ca2+-ATPase [44] and that the two are closely packed in the
structure. Furthermore, unstructured segments are indeed
found in the transmembrane regions, as exempliﬁed by the
307-IPEGLP segment which interrupts the M4 helix in the
Ca2+-ATPase [10,13,14] (vide infra).
Although the putative Na+ ligands in M5 of the Na+,K+-
ATPase may not necessarily be homologous to the Ca2+
ligands in M5 of the Ca2+-ATPase, e.g. due to diﬀerent
J. Underhaug et al. / FEBS Letters 580 (2006) 4777–4783 4781preference for ligands of monovalent and divalent cations (e.g.
[45]), homology modelling based on the Ca2+-ATPase struc-
tures may be useful for determining which residues that are
important in the transport process. Complementary to this,
there is a signiﬁcant body of mutational data. Homology mod-
elling suggest that Asn783 and Glu786 are involved in the
Na+(I) site (using the nomenclature of Ogawa and Toyoshima
[10], Fig. 2). The RMSD plots in Fig. 3d indicate substantial
disorder in this region. This is in full accord with the ﬁnding
of a ﬂexible hinge in this region of the Ca2+-ATPase M5 helix
[17]. The second Na+ site (II) is not expected to involve the M5
helix, while the Na+(III) site is expected to involve Tyr778 and
Thr781 [10,21] either through direct binding or control of the
ion access from the cytoplasmic side. In addition, Imagawa
et al. [46] have recently shown that the Thr781Ala mutations
lead to a decreased Na+ aﬃnity. For the potassium ions, the
K+(I) site is believed to involve the residues Ser782 and
Glu786 while K+(II) involves Asn783 and Glu786 [10]. The
mutation Pro785Ala leads to a reduced K+ aﬃnity [47], and
the mutation Phe793Leu has a very high aﬃnity for K+ [48],
suggesting that these residues are involved in K+ binding.
We note that all of these residues except Phe793 are located
in the non-helical region.
An important diﬀerence to the Ca2+-ATPase M5 is the two
prolines at position 785 and 789 close to the centre of the
transmembrane span. In contrast to helices in globular pro-
teins, transmembrane helices often contain prolines, though
they prevent formation of (i  4, i) and (i  3, i + 1) hydrogen
bonds [49]. This leads to increased ﬂexibility, and hinges are
often induced between 0 and 4 residues N-terminal of the pro-
line and with kink angles varying with the protein context [50].
Similarly, proline insertions in isolated helical stretches often
have a helix breaking eﬀect [51]. Appearance of two prolines
or a glycine and a proline such as in Pro-x-Pro and Gly-x-x-
Pro motifs have been shown to be associated with hinge-
bending motions in transmembrane helices [52]. It has been
speculated for [2,53] and against [10] that the M5 helix of the
Na+,K+-ATPase may be interrupted because of the similarity
of the 784-IPEITP segment with the 307-IPEGLP segment in
the Ca2+-ATPase which interrupts the M4 helix in the X-ray
structures [10,13,14]. It is noteworthy that the positions of
these regions in the membrane are very similar.
Overall, the putative Na+ and K+-binding sites are believed
to involve 6 out of 9 residues in the region Tyr778-Glu786 with
a sequence-controlled speciﬁcity for cation type to accomplish
transport. Looking at the NOE and CSI data in Fig. 3a, it is
clear that this region is very unstructured in the SDS micelle
associated M5 peptide and thereby has the necessary versatility
to accommodate such transfers.
A rather dynamic nature of this segment and surprisingly
low stabilizing eﬀect from the surrounding structure is indi-
cated by the fact that the M5–M6 hairpin of the Na+,K+-ATP-
ase has been shown to release irreversibly from the membrane
upon heating in the absence of cations [18]. Furthermore, a re-
cent real-time voltage clamp ﬂuorimetry study of the Na+,K+-
ATPase, with a ﬂuorescence probe attached to Asn797,
revealed considerable conformational dynamics of the M5 he-
lix during Na+/Na+ exchange in the E1P–E2P reaction cycle
[19]. Last but not least: Pro785Leu and Pro789Leu mutations
had drastic eﬀects on the behaviour of the Na+,K+-ATPase
[47,54]. The mutations actually had a positive eﬀect on the
insertion of a segment ranging from the N-terminus to theend of M5 (until Gly813) into membranes in Xenopus oocytes
[54]. They thus behave as predicted, disturbing the helicity and
thereby the membrane interactions, allowing for a number of
less membrane-aﬃne conformations of M5. On the other
hand, Pro785Leu abolished transport function and Pro789Leu
reduced it by 50% [54]. The prolines and the ﬂexibility they in-
duce are thus essential for the function.
Another characteristic of prolines is their ability to isomerise
between cis and trans conformation [55]. Cis–trans isomerism
at the prolines is likely to be a major source of the multiple
conformations of the M5 peptide apparent from the NMR
spectra (Figs. 4b and c). In the case of Asn797 this is likely
to be dominated by the adjacent Pro799, but similar eﬀects
are seen for residues around Pro785 and Pro789. A recent
study of the pore of a neurotransmitter-gated ion channel
could link transmitter binding to proline cis–trans isomeriza-
tion [56], and it was shown that a peptide construct containing
this proline in SDS micelles was in equilibrium between these
two states. It is not unlikely that the alternative conformations
seen in this peptide are relevant for the function of the
Na+,K+-ATPase. Our ﬁnding that the N-terminus of M5 sticks
out of the detergent micelle suggests that the remainder of the
peptide is embedded in the hydrophobic interior. Burial of the
C-terminal end in the micelle agrees with the disposition of na-
tive M5, where labelling with sulfhydryl reagents from the
aqueous phase is possible for residues Gly803-Val805 in mu-
tated M5 [57], but not for Pro801 and Leu802.
In summary, we conclude that part of the M5 segment from
the Na+,K+-ATPase has signiﬁcantly lower helical propensity
than the corresponding peptide in the Ca2+-ATPase. This
can be concluded from liquid-state NMR studies of the two
M5 peptides in SDS micelles, of which only the Ca2+-ATPase
data can be compared to existing X-ray structures. For the
Ca2+-ATPase M5 peptide an earlier study revealed high simi-
larity to the crystal structure, with the notable exception of a
ﬂexible hinge region in proximity of the putative Ca2+(I) bind-
ing site – a ﬂexibility that was supported by biophysical inves-
tigations [17]. For both peptides the NMR studies address
structural properties of isolated peptides in membrane-mim-
icking environments rather than in the compact protein envi-
ronment with stabilizing helix–helix interactions. Even with
these precautions, it is remarkable that the M5 peptide from
the Na+,K+-ATPase display a much lower degree of helical
structure than the corresponding Ca2+-ATPase peptide, and
that the ﬂexible region overlaps with most residues implicated
to be involved in ion transport. This indicates that the peptide
can rearrange without excessive energy cost during occlusion
and transmembrane transport of the cations. This ﬂexibility
might be fundamental for the ability of the Na+,K+-ATPase
to transport Na+ and K+ through the membrane with high cat-
ion-speciﬁcity.5. Supporting material
1H and 15N chemical shifts for the Na+,K+-ATPase M5 pep-
tide in SDS micelles have been deposited in the BioMagRes-
Bank (BMRB Accession Code 7049).
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